Exceptional points (EPs) are special spectral degeneracies of non-Hermitian Hamiltonians that govern the dynamics of open systems. At an EP, two or more eigenvalues, and the corresponding eigenstates, coalesce [1] [2] [3] . Recently, it was predicted that operation of an optical gyroscope near an EP results in improved response to rotations 4, 5 . However, the performance of such a system has not been examined experimentally. Here we introduce a precisely controllable physical system for the study of non-Hermitian physics and nonlinear optics in high-quality-factor microresonators. Because this system dissipatively couples counter-propagating lightwaves within the resonator, it also functions as a sensitive gyroscope for the measurement of rotations. We use our system to investigate the predicted EPenhanced Sagnac effect 4,5 and observe a four-fold increase in the Sagnac scale factor by directly measuring rotations applied to the resonator. The level of enhancement can be controlled by adjusting the system bias relative to the EP, and modelling results confirm the observed enhancement. Moreover, we characterize the sensitivity of the gyroscope near the EP. Besides verifying EP physics, this work is important for the understanding of optical gyroscopes.
detection, temperature measurement 10 and rotation measurement [11] [12] [13] [14] [15] . A recently introduced approach to enhancing the response of optical microresonator sensors uses the physics of EPs 4, 5, [16] [17] [18] [19] [20] ; operation near an EP boosts the sensor response to a perturbation by an amount that increases with the proximity of the sensor's operating point to the EP 16 .
Here we study the EP-induced modification of the Sagnac effect in a microresonator ring laser gyroscope.
The state vectors of a microresonator ring laser gyroscope are admixtures of clockwise (CW) and counter-clockwise (CCW) optical modes and, as will be shown, their location on a Bloch sphere (Fig. 1a) is precisely controllable using Brillouin-induced dispersion 21 . This dispersion is applied independently to the CW and CCW directions using counterpropagating pump waves. Brillouin scattering causes a pump photon with frequency ω pj (j = 1, 2) to scatter from a co-propagating acoustic phonon with frequency Ω phonon into a backward-propagating Stokes photon. In the resonator, the associated phase-matching condition requires that the Brillouin shift frequency (Ω phonon ) is close in value to an integer multiple (ℓ) of the free spectral range (FSR) of the resonator, as shown in Fig. 1b (that is, Ω phonon = ℓ × FSR). This is achieved by microfabrication control of the resonator diameter and in effect locates a resonator mode (the Stokes mode) within the Brillouin optical-gain spectrum for efficient stimulated Brillouin laser (SBL) action 21, 22 . Counter-pumping is performed on the same resonant-mode number (m) so that laser action occurs on two counter-propagating Stokes waves belonging to a single mode number (set to m − 6 in this measurement; that is, ℓ = 6).
To better reveal the non-Hermitian physics of this system, we consider the equation of motion, which reads idΨ/dt = H 0 Ψ, where Ψ = (α 1 , α 2 )
T is the laser mode column vector with amplitudes normalized so that |α 1,2 | 2 are the photon numbers of the CW and CCW components, respectively, and H 0 is the non-Hermitian Hamiltonian governing the time evolution: In this expression A 1 and A 2 represent the photon-number-normalized amplitudes of the CCW and CW components of the pump modes, respectively, ω 0 is the unpumped frequency of the Stokes cavity mode and γ is the cavity damping rate. g j = g 0 /[1 + (2iΔΩ j /Γ)], for j = 1, 2, is the Brillouin gain factor, where g 0 is the gain coefficient, Γ is the gain bandwidth and ΔΩ j = ω pj − ω s − Ω phonon is the frequency mismatch 21 , with ω s the Stokes lasing frequency (an eigenfrequency of equation (1)). The real part of the Brillouin gain factor leads to amplification of the Stokes mode, whereas the imaginary part is responsible for dispersion and consequently mode pulling. κ is the dissipative coupling rate between the two SBL modes and is examined in the Supplementary Information.
In the absence of backscattering (κ = 0), the CW and CCW SBL processes are independent because the Brillouin gain is intrinsically directional as a result of the phase-matching condition (Fig. 1a) . The steady-state lasing condition requires the power loss rate γ to be balanced by the Brillouin gain, which leads to the clamping condition of https://doi.org/10.1038/s41586-019-1777-z Article the pump powers 21 ,
. As shown in Supplementary Information, these conditions remain approximately valid for non-zero dissipative backscattering (κ ≠ 0) within the regime in which EPenhanced rotation measurement is performed (the unlocked regime defined below). As a result, above the lasing threshold equation (1) is simplified to the following form: With the introduction of κ, the lasing system exhibits a frequency locking-unlocking transition when varying the pump detuning frequency. The locking regime is known to create a sensing dead band for rotations in ring laser gyroscopes 23 .
In the frequency-unlocked regime, the two lasing modes have distinct angular frequencies ω s+ and ω s− , which are the eigenvalues of the Hamiltonian (equation (2)). , Δω p = ω p2 − ω p1 is the pump detuning frequency and Δω c = 2Γκ/γ is the critical pump frequency detuning at which the system state is at an EP. In deriving this result, it is important to note that the Hamiltonian (equation (2)) depends weakly on its own eigenvalues through ΔΩ 1 and ΔΩ 2 (see derivation in Supplementary Information). The SBL beating frequency is readily extracted by taking the difference of the above eigenfrequencies, Δω s = ω s+ − ω s− : This equation is plotted in Fig. 1c . The dissipative coupling between the CW and CCW lasing modes induces second-order EPs at the critical pump-detuning frequencies, |Δω p | = Δω c , where the eigenfrequencies and the eigenmodes coalesce. For pump detuning |Δω p | > Δω c the eigenfrequencies bifurcate and the eigenmodes are an unbalanced hybridization of CW and CCW modes. For pump detuning |Δω p | < Δω c the eigenvalues have equal real parts (frequencies) but different imaginary parts (loss rates).
To verify the EP physics predicted above, a high-quality-factor (Q ≈ 10 8 ) silica wedge resonator 22 ( Fig. 1a) is counter-pumped at distinct frequencies determined by radio-frequency modulation of a single laser (wavelength about 1,552.5 nm). Coupling into the resonator is realized from both ends of a fibre taper 24, 25 . One of the pump frequencies is Pound-Drever-Hall-locked to a resonator mode by feedback control on the laser. The second pump frequency is then tuned for state vector control. The two pump powers are stabilized using power feedback. Further details about the experimental setup are provided in Methods.
An electrical spectrum analyser is used to measure the photodetected dual-SBL beating frequency Δω s /(2π) (Fig. 2a) and the SBLpump beating frequency (Fig. 2b) . For the latter, the detection is made along the direction of propagation of pump 1. Plots of these frequencies versus the pump frequency detuning are given in Fig. 2c, d . The provided comparisons with equations (3), (4) show good agreement between theory and measurement. Moreover, the ratio of the CCW components of the eigenmodes is determined from the strength of the beat notes between the CCW pump and the SBL signals (see Supplementary Information for analysis) and is plotted as the inset of Fig. 2d . There is a reasonable agreement between the model and the measurement.
When the resonator experiences an angular rotation rate of Ω (positive for the CW direction), the Sagnac effect induces opposing frequency shifts in the CW and CCW modes of a passive resonator such that the differential frequency shift of the CCW mode relative to the CW mode is Δω Sagnac = 2πDΩ/(n g λ), where D is the resonator diameter, n g is the group index of the passive cavity mode and λ is the laser wavelength 11 . Introducing the opposing frequency shifts (1/2 of the magnitude of the differential shift) as a perturbation into H 0 (equation (2)) modifies the SBL beating frequency as follows: Article near the EP (Fig. 1c) so the scale factor S surpasses the conventional Sagnac value (that is, 2πD/(n g λ)). Also, we note that the sign of S depends on the sign of Δω p because the latter determines which SBL wave (CW or CCW) has the higher frequency.
To measure rotations, the resonator is packaged in a small metal box with one edge hinged and the opposing end attached to a piezoelectric stage, in a manner similar to that used in ref.
11
. (As an aside, ref.
11 used a single pump in a cascaded SBL arrangement for rotation sensing. Such an arrangement, however, excludes EP physical effects because the underlying states occur at distinct cavity longitudinal modes.) To create a precise rotation, a sinusoidal oscillation is generated by the piezoelectric stage at a rate of 1 Hz with a fixed amplitude (equivalent to 410° h −1 ). The resulting time-varying dual-SBL beating frequency is recorded using a frequency counter, and the amplitude of the modulated frequency is extracted by applying a fast Fourier transform to the counter signal. Frequency modulation amplitudes are recorded at several pump frequency detunings. The resulting Sagnac scale factor (that is, the amplitude of the SBL frequency-difference modulation divided by the amplitude of the applied rotation rate) is plotted in Fig. 3 . A boost in the Sagnac factor by a factor of 4 compared to the non-EPenhanced case is observed when operating close to the EP (that is, near the critical detuning frequency). There is good agreement between equation (6) and the measurement, as shown in Fig. 3 .
Whereas the Sagnac scale factor is observed to increase near the EP, fluctuation mechanisms exert a greater impact on the measurement, leading to relatively larger errors. To better understand the performance of the gyroscope, we record the beating frequency of the SBLs for up to 600 s without external rotation. The Allan deviation of the beating frequency is then calculated and normalized by the enhanced Sagnac factor S(Δω p ) (fitted to the data) so as to arrive at the Allan deviation expressed in rotation-rate units (σ Ω ). The results are presented in Fig. 4 for several pump detuning frequencies both near and away from the EP. The smallest pump detuning frequencies are well within the region of EP-enhanced scale factors. At longer times, the Allan deviation data show a drift that is magnified near the EP. This drift is believed to be associated with temperature and power drift in the system and causes the fluctuations near the EP shown in the data in Fig. 3 . At short times, the Allan deviation exhibits angular random walk behaviour and decreases with increasing averaging time. Here, operation in the EP region has little or no impact on the gyroscope sensitivity. To further understand this result, the Allan deviation of the un-normalized frequency noise σ ( )
is plotted in the inset of Fig. 4 and shows that the frequency noise is enhanced in the vicinity of the EP. Indeed, this enhanced noise exactly offsets the scale factor enhancement in the angular random walk regime of the main plot in Fig. 4 . The role of technical noise 26 and the consideration of fundamental limits [27] [28] [29] [30] [31] to the signal-to-noise ratio of sensors near an EP are recent areas of study, and the source of the enhanced noise in the SBL system is under investigation. In summary, phase matching of Brillouin gain and dispersion in a microresonator system has been shown to provide precise control of the CW and CCW laser modes near an EP. This control and the inherent high relative stability of the laser modes enable the observation of an enhanced system response to rotations due to the EP-induced modification of the Sagnac effect. By measuring rotations with an approximate amplitude of one revolution per hour, it is possible to observe a fourfold increase of the Sagnac scale factor near the EP. A corresponding sensitivity enhancement with respect to the rotation measurement, as inferred from the measurement of the Allan deviation, was not observed. This work provides a platform for studying EPs in a nonlinear optical system and specifically in the context of rotation sensing.
Note added in proof. A study of the enhanced frequency noise in the angular random walk regime in Fig. 4 is presented in ref. 32 .
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Methods
Experimental setup
In the measurement (see Extended Data Fig. 1 ), an erbium-doped fibre amplifier is used to boost the power of an external-cavity diode laser, which is split into two arms. Each arm is frequency-shifted by an acousto-optical modulator (AOM) and coupled into the resonator. One arm of the laser is Pound-Drever-Hall-locked to the centre of the cavity mode, and the other arm can be freely tuned by radio-frequency tuning of the AOM. The resonator is shielded passively using insulating foam and the temperature is monitored by a thermistor. Both pump powers are stabilized by active power-feedback control. When changing the pump detuning, the SBL power is almost unchanged (<8%). For the rotation measurement, one corner of the packaged gyroscope is fixed on a pivot point and the other side is placed on a piezoelectric stage so that a precise sinusoidal modulation can be applied.
Silica wedge resonator
The silica wedge resonator used in this experiment is 36.0 mm in diameter and 8 μm in thickness. The wedge angle is approximately 30°, which is not critical to the measurement. The Brillouin shift in the silica wedge resonator is ~10.8 GHz. Details on the fabrication of the silica wedge resonator are provided in ref.
22
.
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